Abstract. Volatiles, and water in particular, have been thought to be unstable on the lunar surface because of the rapid removal of constituents of the lunar atmosphere by solar radiation, solar wind, and gravitational escape. The limiting factor in removal of a volatile from the moon, however, is actually the evaporation rate of the solid phase, which will be collected at the coldest points on the lunar surface. We present a detailed theory of the behavior of volatiles on the lunar surface based on solid-vapor kinetic relationships, and show that water is far more stable there than the noble gases or other possible constituents of the lunar atmosphere. Numerical calculations indicate the amount of water lost from the moon since the present surface conditions were initiated is only a few grams per square centimeter of the lunar surface. The amount of ice eventually detected in lunar 'cold traps' thus will provide a sensitive indication of the degree of chemical differentiation of the moon.
We will first develop the theory of the behavior of volatiles on the lunar surface, and then investigate the best numerical values of the parameters of our model to use in numerical calculations.
THEORY OF MIGRATION AND TRAPPING OF VOLATILES AND THEIR ESCAPE FROM THE LUNAR SURFACE
In this section we shall develop a theory of the behavior of volatile substances on the lunar surface which is based on two premises: (1) that the lunar atmosphere is so rarefied that molecular transport in the vapor phase can be described purely in terms of dynamical trajectories; and (2) that there are permanently shaded areas (cold traps) with temperatures at least as low as 120øK. It will be convenient to discuss first the steady loss from the cold traps, and, second, losses of any newly liberated volatiles during migration to the cold traps. By combining these results we will derive the equation governing the total mass removal rates of volatiles from the lunar surface.
Steady-state loss o] volatiles ]rom the cold trap.
Once any substance condenses in a permanently shaded area, it will be subject to a continual evaporation loss, which may be • = condensation rate of the substance in question back into cold trap areas in grams per square centimeter per second.
The fraction of the lunar surface in permanent shadow, K, will be estimated later in this paper to be about 5 X 10 -3. The evaporation rate is a characteristic physical property of any solid phase tha• depends only on the surface temperature of that solid. The evaporation rate could be observed directly if the vapor were removed as fast as it formed, i.e., by eliminating condensation. On the other hand, evaporation and condensation rates are equal when the vapor is saturated, if the accommodation coefficient is unity. Accordingly, the equilibrium vapor pressure present over a solid surface can be used to estimate the characteristic evaporation rate at that temperature. The maximum evaporation rate can therefore be expressed as follows [Estermann, 1955] .
•: tz _ 4374X 10-5 X p• (2) The condensation rate (7, unlike K, A, and/•, is not a simple characteristic property of either the moon or of a particular substance because it also depends on the escape rate from the lunar atmosphere and the accommodation coefficient in the cold traps. However, it is possible to treat the migration of molecules on the lunar surface in terms of a simple probability model, provided that the average trajectory iump length of the molecules is comparable to or larger than the average size and separation of the cold traps. The processes by which the molecules transport themselves through the rarefied atmosphere and either escape or become trapped in the permanently shaded areas are complicated in detail. For our purposes it is sufficient to realize that the fraction of the molecules that condense .on a surface, as opposed to the fraction that are reflected, is controlled by the microscopic roughness and chemical nature of the surface, by the surface temperature, and by the molecular weight of the impacting molecules. A discussion of this can be found in Loeb [1927] , Langmuir [1917] , and Knudsen [1910] . We shall assume that the temperature and microscopic roughness of the cold-trap surfaces are sufficient to ensure that the accommodation coefficient is close to unity. We will, however, consider the effect of varying a when numerical calculations for the trapped fraction are performed. It is also reasonable from the above to assume that molecules rebounding from the warm surfaces will approach the surface temperature after a few jumps, regardless of the velocity distribution at the source.
It is apparent that those molecules captured in temporarily shaded areas, such as the dark side, cannot escape until the host area heats up. Hence, we can neglect the effect of these temporarily shaded areas in the solution of the problem, and consider only those molecules actually moving at any instant of time.
We shall further assume, to avoid unnecessary complexity, that the reflection and emission of We now examine the implications of our assumptions. If/• is at least comparable to the size and separation of the permanently shaded areas, we can presume that for any individual jump the probability of landing on a permanently shaded area is proportional only to the total fractional area of permanent shade K, and does not depend on the location of the beginning point of the jump. Since a represents the escape probability during an individual jump, the probability of a particle landing on a coldtrap surface and not escaping is K (1 --Finally, from our discussion of the coefficient of accommodation, it is clear that of those particles landing on a cold trap a fraction a must remain trapped. Hence, on any individual jump' probability of a particle being trapped = K (1 --a) a where a = probability of a particle escaping on a single jump. The next two sections are devoted to a discussion of reasonable and limiting numerical values for K, the fraction of permanent shade, and a, the probability of escape. Using these values, the mass removal rates for common volatile substances will be compared, and we will conclude that water, in the form of ice, is the only common volatile that could be stable for a period of time comparable to age of the moon. We then discuss possible sources for the liberation of water from the lunar surface.
Finally, a discussion is presented of the validity of the uncorrelated model as a description of migration on the actual lunar surface. 3.2. The amount and distribution o• permanently shaded areas on the lunar surface. The obliquity of the moon's axis of rotation with respect to the ecliptic is only 1ø32 ' [Allen, 1955] ; there is approach, which is discussed briefly in the present paper and will be published elsewhere, yields an actual estimate of K --5 X 10 -3 (rather than just a lower limit). 1 X 10 -3 5 X 10 -74 2 X 10 -9 2 X 10 -3 2 X 10 -30 2 X 10 -3 3 X 10 -a3 3 X 10 -3 7 X 10 - (Fig. 1) It is apparent that mechanical escape is far too inefficient to be considered a significant loss mechanism. A comparison of the other loss rates leads us to the conclusion that only water and mercury could remain trapped for an appreciable fraction of lunar history. Because of the extremely low abundance of free mercury on the earth's surface, it is reasonable to neglect it from further lunar consideration. Accordingly, water is the only volatile possibly retained in significant quantities on the lunar surface. We will use the mass loss rate associated with photodissociation as a reasonable estimate for the escape of water.
The total mass loss rates of water are computed The opposite extreme of our uncorrelated model would be the case where the iump lengths are so short compared with the separation between cold traps that there is httle migration, i.e. that the beginning and end points are highly correlated in latitude. For instance, very few molecules released in the equatorial areas could ever reach the higher latitudes to be trapped. However, molecules released in the polar areas would be confined to these higher latitudes where the larger K would result in a higher proportion being captured. Hence, for the correlated case the loss rate from the cold traps is reduced about 25 per cent (see Table 1 
From The atmospheric density that corresponds to the vapor pressure of water at 120øK is 3.5 X 104 molecules/cm 3. It is interesting to note at this point that the degree of ionization of water produced by the solar wind is approximately the escape probability a --4 X 10 -8, since this represents the fraction of molecules that are ionized and escape; the ion density would be 10•-/cm 8. Clearly this result is compatible with the density of 108 electrons/cm 3 observed by Elsmore [1957] . In addition, the logarithmic variation of vapor pressure with inverse temperature implies that the vapor pressure decreases very rapidly for a small temperature decrease. Since 120øK is an upper limit, we should actually expect to find even lower The application of the model to common volatiles leads us to the conclusion that only water is relatively stable over periods comparable to the lunar lifetime. We have calculated the total mass loss rate of water from the cold traps to be approximately 4 g//cm2m/billion years for the reasonable estimate. We also estimated the average liberation rate of water over the lunar surface necessary to condense in the cold traps and balance the loss to be 7 g/Cm2m/billion years.
Finally we have discussed the validity of our model and the effects of possible variations in the parameters a, K, and a. The model was found to be quite adequate, since the variation in parameters produced effects which are negligible compared to the change in mass loss rate introduced by reducing the cold trap temperatures from the maximum of 120øK to a. more reasonable temperature of 100øK.
These results imply that the lack of ice in the cold traps today would require that the liberation of water from the moon during its lifetime must have been extremely low compared with that on the earth and hence the implication that the chemical differentiation to form a lunar crust has been negligible.
